Introduction {#S0001}
============

The clinical gold standard for osteogenic bone replacement in osseous defects is autologous bone grafting. When artificial bone is transplanted *in vivo*, its survival relies on interstitial fluid diffusion and blood perfusion. As the fluid diffusion can only support cells within a maximum range of 200 µm \[[@CIT0001], [@CIT0002]\], the survival rate of large cell-containing constructs will be limited by the lack of nutrition. Accordingly, the induction of vascularization is essential to the survival of the artificial bone *in vivo*.

Recent evidence indicated that a porous scaffold with suitable pore size could promote vascularization \[[@CIT0003]\]. Poly(DL-lactic-co-glycolic acid)/tricalcium phosphate (PLGA/TCP) composite has emerged as a promising bone graft scaffold but its application is limited because it is not an effective hydrophilic material. To tackle this problem, many methods have been introduced \[[@CIT0004]\], one of which is to crosslink PLGA/TCP with collagen I \[[@CIT0005], [@CIT0006]\]. Notably, the crosslink of PLGA/TCP and collagen I could accelerate bone repair \[[@CIT0007]\].

Marrow stromal cells (MSCs) are ideal candidates for therapeutic applications \[[@CIT0008], [@CIT0009]\]. The MSCs can be easily osteogenic induced by adding mineralization solution and have been applied in skeletal tissue repair \[[@CIT0010], [@CIT0011]\]. Therefore, MSCs are suitable seeding cells in the attempt of constructing new complex artificial bone which can accelerate the process of both bone formation and vascular formation. Vascular endothelial growth factor (VEGF) is the most widely used growth factor to accomplish therapeutic angiogenesis \[[@CIT0012], [@CIT0013]\]. Gene transfer of VEGF has been shown to induce neovascularization and increase blood flow with restored vasomotion in collateral vessels \[[@CIT0013], [@CIT0014]\] as well as at the microvascular level \[[@CIT0015]\].

Therefore, in this study we attempted to develop a new complex artificial bone that could accelerate both bone formation and vascular formation. We transferred the VEGF gene into MSCs and then loaded the transduced cells on a PLGA/TCP/collagen I scaffold. Our results showed that the new complex artificial bone promoted vascular and bone formation *in vitro* and *in vivo*.

Material and methods {#S0002}
====================

Materials {#S20003}
---------

Poly(DL-lactide-co-glycolide) (PLGA/TCP) (PLGA/ TCP ratio 60: 40, L/G ratio 50: 50, MW 40,000-75,000) was obtained from Tsinghua University, Beijing, China. Collagen I was purchased from Sigma Aldrich (St. Louis, MO, USA).

Preparation of adenovirus {#S20004}
-------------------------

Adenovirus encoding VEGF was established by using the Ad-Easy system (Stratagene, La Jolla, CA). Production and purification of the recombinant virus were performed as described in our previous report \[[@CIT0016]\]. Briefly, the gene of human VEGF165 (Genbank no: AF486837) was subcloned into pAdTrack-CMV one by one to yield pAdtrack-CMV-VEGF. The resultant plasmid was con-transformed into *Escherichia coli* strain BJ5183 with the adenoviral backbone plasmid pAdEasy-1. The recombinant adenoviral plasmid was selected on a kanamycin plate and confirmed by sequencing. Lastly, the recombinant adenoviral plasmids were transfected into 293 cells where they were packaged into virus particles (Ad-VEGF). Time-matched EGFP-positive cells infected with empty pAd-Easy1 vector served as controls (Ad-Easy1). Viral titres were estimated by optical density and standard plaque assay.

Cell culture and transduction with adenovirus {#S20005}
---------------------------------------------

Isolation of rabbit MSCs was performed according to the standard protocol. In brief, rabbit (female, 12 weeks old, 2.5-3 kg) bone marrow was washed with DMEM (Dulbecco\'s modified Eagle medium) and then seeded on a plate at a density of 5 × 10^6^ cells/cm^2^ with medium (DMEM, 10% fetal calf serum \[FCS\]) at 37°C, 5% CO~2~ in a humidified atmosphere. The medium was changed 72 h later. About 1 week later, the cells were detached and reseeded at a density of approximately 2000 cells/cm2 and cultivated. The third passage cells were differentiated into the osteogenic cell lineage by replacing the expansion medium with differentiation medium (DMEM, 10% FCS, 0.1 µM dexamethasone, 10 mM β-glycerolphosphate, 50 µM l-ascorbic acid-2-phosphate). Next the differentiated MSCs were infected with adenovirus pAd-VEGF encoding the VEGF gene, when the adherent cells reached subconfluence. Cells were washed with phosphate buffered saline (PBS) three times and place at 37°C for 10 min, and then infected with a multiplicity of infection (MOI) of 1-300 pfu/cell in 1 ml of infection buffer at 37°C for 2 h. After the infection, cell culture medium was added and the cells were cultured at 37°C, 5% CO~2~ in a humidified atmosphere. Fluorescence microscopic analysis of enhanced green fluorescent protein (EGFP) expression was carried out 3 days after the infection. At the same time, the concentration of VEGF was quantified in conditioned media of non-transduced or adenovirus transduced cells using a commercial ELISA kit (R&D Systems Inc, Minneapolis) according to the manufacturer\'s instructions.

Fabrication of VEGF modified porous PLGA/TCP/ collagen I scaffold {#S20006}
-----------------------------------------------------------------

PLGA/TCP copolymer scaffold was fabricated via rapid prototyping \[[@CIT0017], [@CIT0018]\]. PLGA/TCP was crosslinked with collagen I according to the established method \[[@CIT0005]\]. In brief, the sterilized scaffolds were shaped into 15 mm × 5 mm × 5 mm pieces, and then transferred into 24-well plastic culture plates. After being pre-wetted with culture medium overnight, 1 × 10^4^ transduced MSCs (in 100 µl medium) were seeded into each scaffold. Then 900 µl of culture medium was supplied 4 h later, and the culture was set at 37°C in 5% CO~2~ humidified atmosphere. Scaffolds were divided into four groups:group A: infected MSCs +PLGA/TCP/collagen I;group B: MSCs + PLGA/TCP/collagen I;group C: infected MSCs + PLGA/TCP;group D: MSCs + PLGA/TCP.

On day 3, 7 and 14, cell proliferation was detected by cell counting. In group A and C, cell culture medium was discard and 2% collagenase I was supplied. The scaffold was cultured in 2% collagenase I at 37°C for 45 min, and then cells were harvested and counted. In group B and D, the scaffold was cultured in 0.25% trypsin at 37°C for 5 min, and then cells were harvested and counted. The VEGF secreted into culture medium was determined using a commercial ELISA kit at day 3, 6, 9, 12, 15 and 18.

Scanning electron microscopy examination {#S20007}
----------------------------------------

The scaffold was cut into 5 mm × 5 mm × 5 mm pieces. The cells were fixed on the scaffold after 2 days of culture with 2.5% glutaraldehyde in 0.1 mol/l sodium cacodylate buffer (pH = 7.3) for 3 h at room temperature, rinsed three times with PBS, and dehydrated in a grade ethanol series. Samples were then critically point-dried, coated with gold and observed by SEM (Hitachi X-650).

*In vivo* study {#S20008}
---------------

Forty-eight mature Newland rabbits (female, 12 weeks old, 2.5 kg) were used according to guidelines approved by the Council of Animal Protection of the Fourth Military Medical University, Xi\'an, China. Rabbits were divided into four groups: group A, the scaffolds with MSCs transduced by pAd-VEGF (12 rabbits, 24 radii); group B, the scaffolds with untransduced MSCs (12 rabbits, 24 radii); group C, the pure PLGA/TCP/collagen I scaffold (12 rabbits, 24 radii); group D, blank control, no scaffold was filled in defect (12 rabbits, 24 radii). The scaffold was established by the previous method. 1 × 10^8^ transfected cells were seeded in the scaffold of group A, and 1 × 10^8^ untransfected cells were seeded in the scaffold of group B. The animals were operated on under general anaesthesia. Surgery was performed under sterile conditions. The animal model was adapted from Wittbjer *et al*. as described previously \[[@CIT0017]--[@CIT0019]\]. Briefly, unilateral 15-mm critical-size defects were created in the distal radial diaphysis. A superomedial incision of 3 cm was made over the distal radius, soft tissues were dissected, and the bone was exposed by gentle retraction of the muscles. A 15-mm segmental diaphyseal defect was created with an oscillating saw under irrigation with 0.9% sterile saline solution. The periosteum was removed with the bone and 5 mm of periosteum was stripped from each side of the remaining proximal as well as distal main fragment. The defect was irrigated with sterile physiological saline solution, and the scaffolds were press fitted into the defect. Muscles, fascia and skin were separately closed over the defect with 4-0 resorbable sutures. The wound was closed in layers. Postoperatively, 4 mg/kg body weight of carprofen was given as needed for pain.

Histological analysis {#S20009}
---------------------

Samples were harvested 1 and 8 weeks postoperatively. The sample size was 12 for each group at each time point. The samples were dehydrated in a graded series of alcohol (80-100%) and embedded in polymethyl methacrylate (PMMA) without decalcification. Sections of 200 µm thickness were cut using a microtome (SP1600, Leica, Germany). Then, the sections were polished to a thickness of about 40-50 µm using a special grinding machine (Exakt-Micro-Grindin System, Leica, Germany). Five sections of the central part of each sample were used for histomorphometric analysis. The Van Gieson stained sections were examined under light microscopy (DMLA, Leica). The area of the newly formed bone (NB) and the residual material (RM) were quantitatively evaluated using the Imagetool V3.0 software (UTHSCSA, USA). The NB (%) and RM (%) were calculated as follows:$$\text{NB}(\%) = \frac{\text{area\ of\ newly\ formed\ bone}}{\text{total\ area}} \times 100\%,$$ $$\text{RM}(\%) = \frac{\text{area\ of\ residual\ material}}{\text{total\ area}} \times 100\%.$$

Immunohistochemistry staining {#S20010}
-----------------------------

The samples were embedded with polymethyl methacrylate and cut with a microtome (SP2500, Leica) into 8 µm thin sections and stained for CD34 (Santa Cruz, California, USA).

Micro-CT {#S20011}
--------

The samples were soaked in 10% neutro-formaldehyde for 48 h, and then put into the micro-CT system (eXplore Locus SP Pre-Clinical Specimen MicroCT, GE-Healthcare, USA). The 44 mm tube 21 µm 150 min_SS protocol standard was applied to scan samples to acquire continuous images, and bone formation was assessed after 3D reconstruction of acquired images.

Statistical analysis {#S20012}
--------------------

Results were expressed as mean ± standard deviation (SD). Statistical software SPSS 10.0 (Chicago, USA) was used to analyse the data by one-way ANOVA. All results were considered to be significant with *p* \< 0.05.

Results {#S0013}
=======

Adenovirus-mediated transfer of VEGF into marrow stromal cells {#S20014}
--------------------------------------------------------------

The MSCs were successfully isolated from bone marrow and expanded up to passage three and differentiated into the osteogenic cell lineage which was identified by ALP and Alizarin Red S staining ([Figure 1A](#F0001){ref-type="fig"}). Thereafter, MSCs were infected by adenovirus pAd-VEGF. The transduction efficiency at MOI of 100 was about 85% by counting EGFP-positive cells ([Figure 1B](#F0001){ref-type="fig"}).

![The MSCs differentiation and transduction with adenovirus. **A** -- Alizarin Red S staining of osteogenic differentiated MSCs. **B** -- adenovirus pAd-VEGF infected MSCs, MOI = 100](AMS-10-19538-g001){#F0001}

Characterization of gene modified porous PLGA/TCP/collagen scaffolds {#S20015}
--------------------------------------------------------------------

The SEM analysis showed that the macro-pore dimension of PLGA/TCP scaffold was 500 mm in size with highly interconnective morphology ([Figure 2](#F0002){ref-type="fig"}). PLGA/TCP was crosslinked with collagen I. The cross-sectional morphology of the crosslinked scaffold showed porous microstructure with a high degree of interconnectivity ([Figure 2](#F0002){ref-type="fig"}). The magnified view of the pores was fairly uniform and round-shaped with a diameter of 300 ±50 µm ([Figure 2](#F0002){ref-type="fig"}). The porosity was 85%. Moreover, the differentiated MSCs were entrapped by the collagen I microsponges in the hybrid scaffold. After 8 h the cells adhered to the scaffold tightly and showed uniform distribution ([Figure 2](#F0002){ref-type="fig"}).

![Morphological observations by SEM. **A** -- PLGA/TCP scaffold. **B** -- PLGA/TCP scaffold (50×), the arrows point to the PLGA/TCP frame. **C** -- PLGA/TCP/collagen I scaffold (30×). **D** -- Magnified view of the white rectangle frame from (C), demonstrating collagen I microsponge (100×). **E** -- Magnified view of the white rectangle frame from (D), demonstrating collagen I microsponge (500×); the arrows point to the collagen I fibre. **F** -- MSCs grown on hybrid scaffold (500×); the arrows point to the MSCs](AMS-10-19538-g002){#F0002}

Water absorption of the PLGA/TCP scaffold was 3.06 ±0.67% while that of PLGA/TCP/collagen I was 12.42 ±1.45% (*p* = 0.0022). The cell proliferation of all groups increased with culture time. On day 3, the amount of cells in group A (infected MSCs + PLGA/ TCP/collagen I) was 38.75 ±0.9574, in group B (MSCs + PLGA/TCP/COL) 39.75 ±6.344, in group C (infected MSCs + PLGA/TCP) 15.75 ±6.5, and in group D (MSCs + PLGA/TCP) 19 ±2.793. Significant differences exist between group A and C (*p* = 0.004), and group B and D (*p* = 0.0026). Between group A and B, and between group C and D, the difference was not significant (*p* = 0.7658, *p* = 0.4734 respectively). On day 7 and 14 the amount of cells continued to increase while the relationship between groups was still the same as on day 3 ([Figure 3](#F0003){ref-type="fig"}). In other words, the same cells grew faster in the PLGA/TCP/collagen I scaffold than in the PLGA/TCP scaffold, and in the same scaffold, the growth speed of infected MSCs was not significantly different from the speed of non-infected MSCs.

![The proliferation of MSCs implanted in scaffolds. A -- pAd-VEGF infected MSCs which were seeded onto PLGA/TCP/collagen I scaffold. B -- non-infected MSCs which were seeded onto PLGA/TCP/collagen I scaffold. C -- pAd-VEGF infected MSCs which were seeded onto PLGA/TCP scaffold. D -- non-infected MSCs which were seeded onto PLGA/TCP scaffold (\**p* \< 0.05, *n* = 4)](AMS-10-19538-g003){#F0003}

The concentration of VEGF increased gradually within 9 days after infection and began to decrease afterwards. The Ad-VEGF infected MSCs seeded onto PLGA/TCP/collagen I scaffold (group A or group B) seemed to express more VEGF protein than those seeded onto PLGA/TCP scaffold (group C compared to group A, group D compared to group B), but the difference was not statistically significant ([Table I](#T0001){ref-type="table"}).

###### 

VEGF expression of established scaffold *in vitro* (pg/ml, $\overline{x}$ ± s, *n* = 4)

  Group                                         1 day           3 day          6 day          9 day           12 day         15 day         18 day
  --------------------------------------------- --------------- -------------- -------------- --------------- -------------- -------------- --------------
  Group A (infected MSCs + PLGA/TCP/collagen)   18.690 ±2.470   81.05 ±5.453   82.35 ±5.525   147.60 ±13.86   51.01 ±2.983   21.98 ±2.290   10.07 ±2.427
  Group B (MSCs + PLGA/TCP/collagen)            0.263 ±0.098    0.375 ±0.109   0.420 ±0.098   0.435 ±0.170    0.373 ±0.113   0.475 ±0.196   0.438 ±0.209
  Group C (infected MSCs + PLGA/TCP)            17.78 ±2.121    73.68 ±6.270   77.23 ±4.848   146.60 ±10.39   44.62 ±4.638   19.56 ±1.199   9.343 ±2.716
  Group D (MSCs + PLGA/TCP)                     0.375 ±0.081    0.393 ±0.101   0.355 ±0.125   0.310 ±0.095    0.348 ±0.096   0.373 ±0.140   0.455 ±0.076

Improved vessel formation and bone formation after VEGF-modified artificial bone implantation {#S20016}
---------------------------------------------------------------------------------------------

Immunohistochemical staining of CD34 showed that one week after artificial bone implantation many new vessels appeared in VEGF transferred group but few new vessels could be observed in other groups ([Figures 4A](#F0004){ref-type="fig"}--[C](#F0004){ref-type="fig"}). The vascular density was 85.76 ±13.87 capillary/mm^2^ in group A, 24.00 ±11.40 in group B, and 0 in group C. The vascular density of group A was significantly higher than that of group B (*p* = 0.0001) and C (*p* \< 0.0001). Furthermore, 8 weeks after artificial bone implantation significant bone formation could be detected in the VEGF transferred group (group A), while in group B (PLGA/TCP/Col scaffold with non-infected MSCs), bone formation could also be detected but the amount of new bone was less than in group A. In group C, little bone formation could be detected ([Figures 4D](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}).

![Improved vessel formation and bone formation after VEGF-modified artificial bone implantation. **A-C** -- immunohistochemical staining of CD34 1 week after implantation. A -- VEGF transferred group, B -- PLGA/TCP/Col scaffold with non-infected MSCs, C -- PLGA/TCP/Col scaffold. **D-F** -- modified trichrome staining 8 weeks after implantation. D -- VEGF transferred group, E -- PLGA/TCP/Col scaffold with non-infected MSCs, F -- PLGA/TCP/Col scaffold. **G-I** -- Micro- CT scan 8 weeks after implantation. G -- VEGF transferred group, H -- PLGA/TCP/Col scaffold with non-infected MSCs, I -- PLGA/TCP/Col scaffold](AMS-10-19538-g004){#F0004}

To further confirm whether VEGF transfer promoted bone formation, we performed micro-CT 8 weeks after transplantation and the results demonstrated that continuous regular new bone was formed in group A; the filling area accounted for 47.96 ±3.218% of the bone defect area. In group B, new bone was formed but was discontinuous. In addition, it only accounted for 18.42 ±1.608% of the bone defect area, significantly less than in group A (*p* \< 0.0001) In group C, a very small amount of new bone was found, only accounting for 2.260 ±1.626% of the bone defect area, significantly less than in group A (*p* \< 0.0001), and group B (*p* \< 0.0001) ([Figures 4G](#F0004){ref-type="fig"}--[I](#F0004){ref-type="fig"}). Taken together, these data suggest that VEGF-modified artificial bone implantation was able to significantly promote vessel and bone formation compared with normal artificial bone implantation.

Discussion {#S0017}
==========

In this study we tried to accelerate the regeneration of bone through the establishment of VEGF modified artificial bone. In order to achieve this, we transferred VEGF into MSCs cells which were then seeded into a porous scaffold to construct artificial bone for implantation. Both *in vitro* and *in vivo* studies demonstrated that VEGF modified artificial bone promoted vascularization and bone formation.

The MSCs are promising in regeneration medicine especially in bone tissue engineering. Previous studies have proved that MSCs can be easily isolated from bone marrow and osteogenic differentiation of MSCs can be easily achieved by differentiation medium \[[@CIT0020], [@CIT0021]\]. Furthermore, MSCs have been demonstrated to successfully repair comparatively small osseous defects \[[@CIT0019], [@CIT0022], [@CIT0023]\]. However, so far the application of MSCs to large bone defects repair has failed, mainly due to insufficient blood supply in the defected spots.

Therefore the main point is to address the insufficient blood supply in the process of repair of large bone defects. With the recent development of gene therapy, a very promising approach is to transfer pro-angiogenic factors such as VEGF to the defected area. Among the numerous gene transfer methods, we propose that adenovirus mediated gene transfer has an exceptional advantage in treatment of bone defects. First, the gene transferred by the adenovirus will not recombine with the host\'s genome. Therefore, this transfer method has relative high safety. Second, the crucial stage of bone regeneration is around 2-8 weeks, and adenovirus mediated gene transfer results in gene expression within 3-8 weeks. Thus the adenovirus gene transfer method is obviously able to complement the time course of the bone regeneration process. In contrast, other high efficient virus vectors such as retrovirus are not so safe and the expression is everlasting. Over-expression of the exogenous gene may do harm to the host \[[@CIT0024], [@CIT0025]\]. Therefore, adenovirus mediated gene transfer is a safe and efficient transfer method and is suitable for bone regeneration.

In order to achieve the aim of vascularization and osteogenesis, a suitable scaffold should have good biocompatibility and a suitable degradation rate. PLGA/TCP is a promising bone graft, but PLGA/ TCP is not effective hydrophilic material, and seeding cells cannot adhere to its surface easily. Collagen I plays a vital role in regulating cell adhesion and accelerating osteoblast proliferation \[[@CIT0020]--[@CIT0022], [@CIT0026]\]. Therefore, collagen I crosslinked scaffold has the potential to accelerate the progress of bone repair. Indeed, Wu *et al*. reported that collagen I modified PLGA scaffolds increased the osteoblast attachment and proliferation \[[@CIT0023]\]. In this study, we also demonstrated that collagen I modified PLGA/TCP scaffold increased cell attachment and accelerated cell proliferation. Furthermore, we speculate that the new complex artificial bone constructed in this study promotes bone repair for the following two reasons, Firstly, the porous structure of the scaffold assisted the formation of new vessels while high expression of VEGF contributed to vascularization. Secondly, the microenvironment in the bone defect promotes osteogenesis. The MSCs can be differentiated into osteoblasts by local microenvironmental induction \[[@CIT0027]\]. Interestingly, osteoprotegerin (OPG) was recently shown to be a promising agent for bone engineering \[[@CIT0028], [@CIT0029]\]. Further investigation should aim at transfer of the OPG gene into MSCs to build OPG and VEGF double modified artificial bone for better therapeutic effects.

In conclusion, our data indicate that VEGF modified artificial bone facilitates large osseous defect repair *in vivo*, likely through enhanced vascularization. The combination of the adenovirus transfer system and collagen I modified PLGA/TCP scaffold represents a promising approach in bone tissue engineering.
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